The optical transfer of power is becoming important for military and industrial applications. The powering of electrical circuitry, sensors and actuators over optical fiber offers immunity from RF, EMI, voltage breakdown, lightning and high voltage hazards. Optical power transfer is being employed in industries such as electric power, communications, remote sensing, and aerospace. In this paper we address issues associated with the illumination of Series Connected Photovoltaic Arrays (SCPA). SCPAs are extremely sensitive to the uniformity of illumination. The performance of a photovoltaic array is dominated by the least illuminated cell. We introduce an analytical model that predicts the performance of a photovoltaic array for an arbitrary illumination. Experimental data on array performance is presented, and general issues associated with the problem of producing uniform illumination are discussed.
INTRODUCTION
Optical power transfer has several advantages that make SCPA technology useful in many applications. These advantages include immunity from RF, EMI, voltage breakdown, lightning, and high voltage hazards. Also, optical power transfer can be used to directly generate high voltage through the use of an SCPA. Directly generating high voltage using an SCPA can be accomplished in a relatively small volume, which is another benefit. The reduction in the volume required to generate high voltage results from eliminating the need for a DC-DC converter that consists of several components including a bulky transformer. These benefits have led to applications including safe and isolated power generation in a small volume for next generation DOE and DOD systems, powering MEMS devices, remote sensing, aerospace, communications, and electric power.
Fiber illumination is important because some of today's optical power transfer applications do not have line of sight between the optical source and SCPA. In addition to this, these applications sometimes require implementation in an extremely small volume. This means that the power must be delivered via optical fiber to a region with insufficient volume to afford beam-shaping optics with which to uniformly illuminate the SCPA. It has been shown that the least illuminated cell dominates SCPA performance [1] . It is this dilemma that leads to the need for research into the performance of SCPAs under optical fiber illumination.
SCPA performance under fiber illumination is addressed in Section 2 by first discussing the mathematical expression that describes the illumination dependent behavior of the SCPA. To demonstrate this behavior an experiment is presented in which a column of cells within the SCPA was shadowed using a razor blade. A PSpice [2] model is then introduced in Section 3 that is based on the equivalent circuit for a photovoltaic cell. The parameter values to be used in the PSpice model can be extracted from a real SCPA using a curve fit routine written in Mathcad [3] . Section 4 discusses an analytic expression for the behavior of an SCPA consisting of rectangular cells arranged in a circular fashion under Gaussian illumination. Effects due to speckle that occur under multi-mode illumination are also discussed. Tests results that support the theory discussed in Section 4 are presented in Section 5. Beam shaping issues are addressed in Section 6. Section 7 concludes the paper.
/

BACKGROUND THEORY
Illumination is a critical parameter in SCPA performance and ideally one would want the SCPA to be uniformly illuminated. It has been shown in [1] , and in the shadowing experiment to be described later in this section, that the maximum output current produced by the SCPA is limited by the cell that is illuminated the least. This dependence is due to the photovoltaic cells being connected in series thereby forcing the current through each individual cell to be equal.
The equivalent circuit for an ideal photocell is a diode in parallel with a forward biased current source shown in Figure  1 . Analytically, the device current and voltage are given by
where I 0 is the reverse saturation current, e is the charge of an electron, n is the diode quality factor, k is Boltzmann's constant, T is the device temperature in degrees Kelvin, and I P is the illumination generated current. Again, the above equation is for an ideal photovoltaic cell and neglects series and parallel resistance as well as parallel capacitance. Reference [4] provides an excellent discussion on these second order effects.
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Figures 1a (left) and 1b (right). Figure 1a represents the equivalent circuit for an ideal photovoltaic cell. Figure 1b is a plot of the I-V relationship described by (1) .
When N identical photovoltaic cells are connected in series and placed under non-uniform illumination the SCPA I-V curve is best expressed in the form of a summation of logarithmic terms
where I is limited by the illumination current generated from the least illuminated cell (I Pi ).
We illustrate the current limiting effect of the least illuminated cell by performing an experiment where a Gaussian illuminated SCPA was partially shadowed. The SCPA was manufactured by Sandia's Microelectronics Development Laboratory (MDL) and their design is described in [5] . This particular SCPA consisted of 230 rectangular cells 120 µm x 550 µm in dimension that are arranged to form a circle that is 4.4 mm in diameter. Shadowing of the SCPA was achieved by incrementally sliding a razor blade via a translation stage across the protective window covering the SCPA. An entire row consisting of eighteen series connected cells was shadowed and the short circuit current was recorded using a curve tracer. As seen in Figure 2b the current is greatly reduced when the entire row is shadowed (Figure 2 ). Diffraction around the razor blade edge and reflections between the razor blade and SCPA account for the less than 100% decrease in output current when the entire row is completely shadowed. 
MODELING
Modeling of an SCPA is a two part process that involves using a curve fit to determine the unknown variables I 0 and n which are then inputted into a PSpice diode model for simulation. Finding the values for I 0 and n is accomplished by first acquiring the I-V curve for the unilliminated SCPA also known as a "dark curve". This can be easily done using a curve tracer. Inputting the data into a math program such as Mathcad and performing a curve fit to (4) below will yield the values for I 0 and n.
Since the SCPA is not under illumination the I P term is equal to zero. Taking this into consideration and keeping with the assumption that all N photovoltaic cells are identical (2) can be written as
and in exponential form becomes
which is the ideal diode equation with the additional variable N in the denominator of the exponential to account for the number of photovoltaic cells that are connected in series. The fitted curves match well with the curve tracer data as can been seen in Figure 3 .
PSpice SCPA simulation is then performed by series connecting N equivalent circuits from Figure 1a . The individual diode model is based on the parameter values obtained from the curve fit. Illumination generated photocell current, I P , is simulated by the parallel current source. The amplitude of the current source is determined by
where R is the wavelength dependent responsitivity (A/W), I L is the irradiance (W/cm 2 ), and A d is the area of the photocell (cm 2 ) [6] .
Simulating non-uniform illumination in PSpice is achieved by setting the amplitudes of the current sources to the corresponding current, I P , which would be generated due to the illumination incident upon each cell. Shown in Figure 4 is a PSpice simulation of a 230 cell HVPA using values for I 0 and n obtained from a curve fit. The simulation was performed with each cell generating 100 µA of current. Non-uniform illumination is simulated by successively decreasing the current generated by one of the cells from 100 µA to 0 A in increments of 25 µA. 
FIBER ILLUMINATION
Light output from an optical fiber is non-uniform and therefore is not the ideal method of illuminating an SCPA. Since optical fiber illumination is non-ideal we address the best case optical efficiencies obtainable given this type of illumination. There are two basic types of optical fibers that can be used, single-mode and multi-mode. Single-mode fibers produce an output that we model as a Gaussian intensity profile. A Gaussian profile has an optimum beam diameter for maximizing SCPA current. A Multi-mode fiber produces a speckled intensity profile and SCPA performance is affected by the ratio of the cell area and speckle correlation area.
Single-mode illumination
Single-mode illumination has a Gaussian intensity profile and for a given optical power and wavelength the current produced by the SCPA is as function of the beam diameter. The Gaussian beam radius discussed in this paper is defined at the 1/e 2 point. A beam radius that is smaller than the radius of the SCPA (underfilled) results in the cells along the circumference being weakly illuminated therefore limiting the current. On the other hand beam diameters that are larger than the SCPA (overfilled) are more uniform in intensity. The trade off is that as the beam radius increases beyond the radius of the SCPA the loss due to power incident outside the SCPA increases as well.
The equation that describes the irradiance of a Gaussian beam as function of radius is
where I L0 , is the peak irradiance, r is the radius, and w is the 1/e 2 point. Using (5) and (6) 
Solving for the optimum beam radius by differentiating (7) and setting the result equal to zero gives
with r being the radius of the SCPA.
As mentioned earlier single-mode illumination is non-ideal. In addition to the losses from overfill there are losses attributed to the current limiting behavior of the least illuminated cells along the circumference. Taking into account these two loss factors we calculate the optical efficiency, E I , for an SCPA under single-mode illumination with an efficiency of 1 being the ideal case of uniform illumination.
Irradiance intensities above that which is incident at the circumference of the SCPA do not contribute to an increase in current. Given this behavior E I is simply the product of the irradiance at the circumference and the SCPA area with both the power and beam radius being normalized. Using (7), (8), and
to calculate the irradiance along the circumference and multiplying the result by the active area of the SCPA gives a value of 0.368 for E I . This is a best case optical efficiency and will be lower for a beam radius other than that defined in (8).
Multi-mode illumination
Multi-mode illumination has a speckled intensity profile and for a given optical power and wavelength the current produced by the SCPA is a function of the ratio of the cell area to the speckle correlation area. Speckle is due to the interference of the different modes within the optical fiber and has the effect of producing random regions of lower intensity. Refer to chapter 2 in [7] for a detailed discussion of the statistical properties of speckle that this section is based on. As the ratio of the cell/speckle areas decrease so does the efficiency. In fact, if the ratio is small enough an entire cell can be completely dark resulting in no current being produced by the SCPA regardless of the incident optical power.
Speckle is a random phenomenon and as such must be treated statistically. To begin this discussion we define E I for multi-mode illumination as ( 1 1 ) An exact expression for µ is found in Equation 2.121 of [7] for a square aperture which is analogous to an individual square cell. This equation is then modified for a rectangular cell and is now in the form of 
where L 1 and L 2 are the dimensions of the rectangular cell.
Equation (10) is derived defining the minimum integrated speckled intensity as being one standard deviation below the mean. As such, (10) is an upper limit for the optical efficiency and the actual value may be lower due to the probability of having a value of min S I that is lower than one standard deviation below the mean. Also, having a non uniform intensity envelope across the SCPA will lower the value of E I as well.
EXPERIMENTAL RESULTS
Theoretical results presented in Section 4 are experimentally illustrated in this Section for the single-mode and multimode cases. Experimental results for the single-mode case match very well with the theoretical results and are discussed in Section 5.1. Section 5.2 covers the multi-mode illumination experiment and discusses the results.
Single-mode experimental results
In order to illustrate the theory presented in Section 4.1 an experiment is performed where an SCPA is placed under single-mode illumination with increasing beam widths. The illumination source is a 1064 nm single mode laser with an output power of 500 mW CW. A lens was used to expend the beam as it travels along the optical axis. Calculating the beam diameter along the optical axis was achieved by placing a 4.4 mm aperture on an optical rail and measuring the power through the aperture at various distances. Once the power through the aperture at a given distance is known the beam diameter, w, at that distance can then be calculated using
Once the beam divergence was determined a 4.4 mm diameter 230 cell SCPA was mounted on an optical rail and the current output was measured at several distances along the optical axis using a curve tracer. Figure 5a shows an image of the single-mode intensity profile overlaid on a drawing of the SCPA and Figure 5b shows the test data compared to the theoretical results. Figure 5b shows excellent agreement between the two data sets and as stated by theory the beam diameter that produces maximum current is 6.22 mm. It should be noted that as the beam diameter decreases from the optimum there is a rapid decrease in efficiency relative to beam diameters that are larger than the SCPA. Figures 5a (left) and 5b (right). Figure 5a is an image of the laser beam profile overlaid on a drawing of the SCPA. Figure  5b shows the theory and test data comparison of the normalized current as a function of beam diameter for an SCPA with a 4.4 mm diameter .
Multi-mode experimental results
Optical efficiency when using multi-mode illumination is dependent on the ratio of the cell area to the speckle correlation area. This theory is demonstrated by measuring the output current relative to the optical power incident upon an SCPA for increasing speckle correlation areas. In this experiment we illuminate an SCPA with a 100 µm core, 0.22 NA multi-mode optical fiber. The illumination source is the same as that used in the single-mode illumination experiment and the SCPA consists of 920 cells of which each has dimensions of 270 µm x 60 µm. Light from the laser is focused into the optical fiber which is 200 m in length and wrapped around a 30 cm diameter spool in order to excite all of the modes within the optical fiber. The distance between the fiber and SCPA is increased in order to increase the speckle correlation area.
When determining E I we need to know three things; the area of the individual cells, the speckle correlation area, and the power that is incident upon the SCPA. Since the area of the cell is known we only need the speckle correlation area and the incident power to calculate E I .
One can calculate the speckle correlation area at a certain distance by first recording the intensity profile with a beam profiling camera and performing an autocorrelation function on the image. The speckle radius is equal to the half-width of the spike in the autocorrelation function. Figure 6a depicts the image intensity autocorrelation function and 6b is a plot of that image. Once the speckle width is known, the speckle correlation area is then calculated by taking the double integral of the corresponding Bessel function diffraction pattern. After the speckle correlation area is calculated the next step is to measure the power that is incident upon the SCPA. This is done by measuring the power through an aperture of the same diameter as the SCPA. It is important that the aperture is placed at the same distance from the optical fiber as was the imaging chip of the beam profiling camera. The characterization process of calculating the speckle correlation area and measuring the power through an aperture is repeated at several distances from the optical fiber.
The final step is to measure the current produced by the SCPA at the distances of which the speckle correlation area and power was determined. Optical efficiency is then the calculated by
which is the ratio of the measured output current to the current that would be produced given a uniform beam. This is then plotted as a function of S m / S c . The experimental results are compared to the theory and are presented in Figure 7a . Results show that the values for E I from the experiment are lower than that of the theory. As mentioned earlier, the theory presented is an upper limit and the lower values of E I are due to the probability of there being an integrated speckled intensity incident upon a cell that is lower than one standard deviation below the mean. In addition the intensity envelope was non-uniform which also contributes to a decrease in E I . The data in both cases shows that E I decreases rapidly for cell/speckle ratios of less than 5. For illustrative purposes Figure 7b shows a speckle pattern overlaid upon a drawing of an SCPA. 
BEAM SHAPING
It is clear from the previous that it is generally required to shape the illumination beam irradiance to optimize the performance of an SCPA. A uniform irradiance profile is needed to obtain optimum performance from SCPAs in many applications. This is not a trivial thing to do since one aspect of the application of photovoltaic arrays is to conserve space, while some minimum space is required to shape the illumination.
The techniques for shaping laser beam can be divided into three broad classes: apertured beams, field mappers, and multiaperture beam integrators or beam homogenizers [8] . These techniques are well treated in the literature [9, 10] . In the case of apertured beams, a uniform irradiance is obtained by expanding the input beam to obtain an approximately uniform irradiance over an area and then using an aperture to eliminate the remaining part of the beam. This is generally not an efficient process. However, it is an important part of some shaping processes. Since the beam usually needs to be expanded before aperturing, some volume is required. One may think of the photovoltaic array as the aperture.
Field mapping is a technique for maping single mode laser beams into a desired irradiance pattern. In fact, both phase and amplitude can be controlled. In the case that a uniform irradiance is all that is required, the phase is a free parameter. Not needing to control the phase simplifies the problem.
Beam integrators are suited to the problem of shaping multimode beams. Although multimode beams may have a high degree of spatial coherence, their patterns may change from time to time in a somewhat random fashion, thus negating the application of field mapping. Further, since the input pattern is not predictable one can not use the input pattern as part of the design. Beam integration generally consists of a technique for breaking the input beam into of beamlets and combining the result to obtain an average. This is the origin of the term "beam integrator." Since beam integrators combine multiple beams the shaped pattern will be speckled. The amount of speckle will depend on the spatial coherence of the input beam. For these reasons, beam integrators are the choice for shaping the output of multimode fibers. The SCPA system design should consider the speckle pattern in the beam integrator output.
Another application might be an illumination scheme using laser diode arrays. Considerable attention has been given to the shaping of laser diode arrays [11] [12] [13] [14] .
Generally, some space is required to map a given beam into a desired shape. The space required can be estimated using a parameter β that can be derived by applying the uncertainty principle to the diffraction theory to the shaping problem [9] . This parameter of the shaping problem can be expressed in the form z y r
where 0 r is the input beam half-width, 0 y is the out put beam half-width, z is the distance from the shaping optics, and C is constant that depends on the problem. We can take C to be approximately 5. β should be greater than 8 for field mappers and 40 for beam integrators. For fixed λ we want to make 0 r and 0 y large, and z small to make β large. Assuming that the 0 r is determined by the fiber core diameter and 0 2 y z ≥ one can easily see that shaping can be achieved in a relatively small volume using micro-optics technology for field mappers. Beam integrators would require more volume. This is due to the fact that the lenslet size is the input beam size in (15), and we want to have a relatively large number of lenslets within input beam area. Thus, it may be required to expand the input beam.
Another approach for optical fiber beam delivery would be to image the output fiber face onto the array. The magnification generally would require a large object to image distance ratio, making for a relatively long optical path. Again, one would also have address the speckle problem for the imaging case.
CONCLUSION
Using an SCPA for optical power conversion has the benefits of directly producing high voltage in a small volume. The drawback is that the least illuminated cell within the array limits the current. Therefore a critical parameter to any SCPA system design is the intensity profile of the illumination. While uniform illumination is the ideal case it is not always possible due to volume and other constraints. This paper addresses the effects of non-uniform illumination and derives the optical efficiencies for single-mode and speckled multi-mode profiles. When illuminating an SCPA using a singlemode intensity-profile there is an optimum beam/SCPA diameter and the maximum optical efficiency that can be achieved is 36.8%. Multi-mode illumination produces a speckled intensity pattern and as such an autocorrelation function should be part of system analysis/design/evaluation. Also, system design should not be near the knee of the multi-mode efficiency curve.
